Background-Pathological aspects of atherosclerosis are well described, but gene profiles during atherosclerotic plaque progression are largely unidentified. Methods and Results-Microarray analysis was performed on mRNA of aortic arches of ApoE Ϫ/Ϫ mice fed normal chow (NC group) or Western-type diet (WD group) for 3, 4.5, and 6 months. Of 10 176 reporters, 387 were differentially (Ͼ2ϫ) expressed in at least 1 group compared with a common reference (ApoE Ϫ/Ϫ , 3-month NC group). The number of differentially expressed genes increased during plaque progression. Time-related expression clustering and functional grouping of differentially expressed genes suggested important functions for genes involved in inflammation (especially the small inducible cytokines monocyte chemoattractant protein [MCP]-1, MCP-5, macrophage inflammatory protein [MIP]-1␣, MIP-1␤, MIP-2, and fractalkine) and matrix degradation (cathepsin-S, matrix metalloproteinase-2/12). Validation experiments focused on the gene cluster of small inducible cytokines. Real-time polymerase chain reaction revealed a plaque progression-dependent increase in mRNA levels of MCP-1, MCP-5, MIP-1␣, and MIP-1␤. ELISA for MCP-1 and MCP-5 showed similar results. Immunohistochemistry for MCP-1, MCP-5, and MIP-1␣ located their expression to plaque macrophages. An inhibiting antibody for MCP-1 and MCP-5 (11K2) was designed and administered to ApoE Ϫ/Ϫ mice for 12 weeks starting at the age of 5 or 17 weeks. 11K2 treatment reduced plaque area and macrophage and CD45 ϩ cell content and increased collagen content, thereby inducing a stable plaque phenotype. Conclusions-Gene profiling of atherosclerotic plaque progression in ApoE Ϫ/Ϫ mice revealed upregulation of the gene cluster of small inducible cytokines. Further expression and in vivo validation studies showed that this gene cluster mediates plaque progression and stability. (Circulation. 2005;111:3443-3452.)
A lthough clinical consequences and pathological aspects of atherosclerosis are well described, understanding of the precise molecular mechanisms of atherosclerotic plaque initiation and progression has been a daunting task for years. However, since the 1990s, new techniques have emerged to study gene expression profiles in complex disease systems in high-output fashion.
In atherosclerosis, numerous high-output gene expression studies have been performed in atherosclerosis-related cell types, revealing differential expression of mediators of inflammation, lipid metabolism, signaling molecules, and extracellular matrix-related genes, as well as many unknown genes. [1] [2] [3] [4] [5] Although these studies are technically easy to perform, genetic information obtained from cell culture experiments may not accurately reflect the molecular events that take place in an atherosclerotic lesion. A more desirable approach is the use of whole-mount (atherosclerotic) vascular tissue.
In the first whole-mount experiments, gene expression profiles of smooth muscle cell-rich components of the vascular wall (aorta, vena cava, and neointima) were compared on a systematic basis. Comparisons between these different smooth muscle cell origins revealed consistent differential expression of genes encoding matrix proteins (collagens) or proteins involved in G-protein signaling (RGS5). 6, 7 In another set of experiments, gene expression profiles of whole-mount human atherosclerotic plaques 8, 9 or macrophages obtained from atherosclerotic plaques by laser microdissection microscopy 10 were compared with nondiseased arterial wall. These studies revealed differential expression of a wide array of genes, the majority of which were involved in foam cell formation, inflammation, apoptosis, and thrombosis. 8 -10 Most acute clinical complications of atherosclerosis result from rupture of an atherosclerotic plaque and superimposed thrombosis. 11, 12 Identification of genes correlated with atherosclerotic plaque rupture is crucial to understand and intervene in the disease process. In a recent study we were able to identify genes that were differentially expressed between stable and ruptured human atherosclerotic plaques using the suppression subtractive hybridization technique. 13 Although some clones represented known genes, such as perilipin, the majority of genes found in this study coded for unknown genes, one of which was named vasculin. 13, 14 In a microarray study that compared coronary atherectomy specimens from patients with stable angina and patients with unstable angina, differential gene expression was predominantly observed in the clusters for thrombosis and inflammation. 15 The aim of the present study was to obtain a detailed portrait of murine gene expression in the different stages of atherosclerosis. For this purpose we chose microarray (mouse unigene 1, 10 176 reporters, Incyte Corp) analysis. To limit the effects of genetic heterogeneity and environmental influence, the experiment was performed in a well-established mouse model of atherosclerosis, the ApoE Ϫ/Ϫ mouse. A similar study was performed several years ago, but on a much smaller scale, with limited time points and conditions. 16 In that study, mRNA of entire aortas of ApoE Ϫ/Ϫ mice fed a Western-type diet for 10 or 20 weeks was hybridized on gene filter arrays containing 588 genes. Multiple gene clusters containing Ͼ200 genes based on expression levels were found. 16 In a recent publication, transcripts of aortic tissue of atherosclerosis-resistant (C3H/HeJ) and atherosclerosisprone (C57Bl6) mice were analyzed at baseline, during aging, and during exposure to an atherogenic stimulus (high-fat diet) and validated in atherosclerotic lesions of ApoE Ϫ/Ϫ mice, revealing that C57Bl6 mice have an atherosclerosis-prone transcriptional profile. 17 In our study, gene expression patterns of atherosclerotic aortic arches of ApoE Ϫ/Ϫ mice that were fed normal chow or a Western-type diet (0.21% cholesterol) for 3, 4.5, and 6 months were determined. Time-related expression pattern clustering and functional grouping of differentially expressed genes revealed an important role of genes involved in inflammation and in protein/matrix degradation. Expression studies further highlighted regulation of the small inducible cytokines during disease development in this murine model. The role of monocyte chemoattractant protein (MCP)-1 and MCP-5 chemokines was validated with the use of a novel monoclonal antibody, which was shown to attenuate atherosclerotic plaque development and progression and to induce plaque stabilization in the ApoE-deficient mouse.
Methods

Microarray
Mice and Experimental Protocols
All animal experiments were performed in accordance with animal care institutional guidelines.
Male ApoE Ϫ/Ϫ mice were purchased from Iffa Credo (France). Mice were fed either a mouse normal chow diet (NC group) or a Western-type diet (WD group) (0.21% cholesterol, Hope Farms) starting at 5 weeks of age. Mice were killed at the age of 3 months (ApoE Ϫ/Ϫ NC, nϭ35; ApoE Ϫ/Ϫ WD, nϭ13), 4.5 months (ApoE Ϫ/Ϫ NC, nϭ14; ApoE Ϫ/Ϫ WD, nϭ14), or 6 months (ApoE Ϫ/Ϫ NC, nϭ16; ApoE Ϫ/Ϫ WD, nϭ16).
After the experimental period, mice were euthanized after an 8-hour fast, and blood (Ϯ1 mL) was drawn from the caval vein for lipoprotein analysis. Mice were used for either RNA or protein extraction (nϭ10 to 31 per group) or histological analysis (nϭ4 per group). For RNA or protein extraction, the aortic arches including their main branch points (brachiocephalic artery, left carotid artery, and left subclavian artery) (see Data Supplement Figure) were cleaned from fatty tissue and adventitial tissue, excised, rinsed in ice-cold PBS, snap-frozen in liquid nitrogen, and stored at Ϫ70°C until further use. For histological analysis, mice were perfused with PBS containing 1% nitroprusside followed by perfusion with 1% paraformaldehyde as described before. 18 The aortic root and the entire aortic arch including its main branch points were cleaned of fat tissue and fixed overnight in 1% paraformaldehyde. 18 After they were processed, aortic arches were embedded longitudinally, and twenty 4-m sections that represented the central portion of the aortic arch were cut. For frozen sections (6 m), aortic roots were embedded in OCT and stored at Ϫ70°C.
RNA Isolation and Microarray Analysis
Total RNA was isolated with the use of the RNeasy kit (Qiagen). Per isolation, 3 aortic arches of ApoE Ϫ/Ϫ mice were pooled. The mean yield per isolation was 5 g total RNA. For microarray analysis, mRNA was amplified with a T7-based technique. 19 
Microarray Processing
Regulation of gene expression was analyzed with the commercially available cDNA mouse UniGEM array of Incyte Genomics. This array contains 10 176 reporters, representing 9556 genes and 580 controls. Polymerase chain reaction (PCR) analysis confirmed the right identity of 8848 reporters.
Cy3-dUTP or Cy5-dUTP (Amersham) was incorporated during reverse transcription of polyadenylated [poly(A)1] RNA, primed by a dT (16) oligomer, resulting in Cy3-and Cy5-labeled samples. 20 Samples from the experimental groups were labeled with the Cy3 fluorescent dye, and the common reference group was labeled with the Cy5 fluorescent dye.
Microarray Hybridization
cDNA was processed as described before. 20 Briefly, cDNA was applied to the microarray under a coverslip, and the slide was placed in a hybridization chamber that was subsequently incubated for Ϸ8 to 12 hours in a water bath at 62°C. Subsequently, the slides were washed during 1 minute and dried by centrifugation at 500 rpm.
All samples from the experimental group (3-, 4.5-, and 6-month NC and WD ApoE Ϫ/Ϫ mice) were hybridized to a cDNA chip and compared with the cohybridized common reference ( Figure 1 ). All hybridizations were performed in duplicate; in total, 2ϫ5 chips were hybridized.
(Statistical) Analysis of Microarray Data
Chips were scanned to detect hybridization signals. Scanned image output files were visually examined for major chip defects and hybridization artifacts and subsequently analyzed with Incyte's GemTools software. Genes were analyzed if both of the readings had a signal-to-background ratio of Ն2.5, a signal intensity of Ͼ250 U for 1 or both dyes, and a spot size of Ն40% of the spotted area. Twenty-five percent of all arrays contained 1 of 10 176 reporters that failed the minimal area requirement to be included. The mean number of reporters that had a signal below the minimal signal-tobackground level was 278.7Ϯ41.6. The threshold of differential expression was set at Ͼ2-fold upregulation or downregulation.
Subsequently, time-related expression pattern clustering was performed with the use of an algorithm. The different groups representing the different stages of atherosclerosis were put in sequential order on the basis of plaque area, as follows: 3-month WD, 4.5-month NC, 4.5-month WD, 6-month NC, and 6-month WD groups (Data Supplement: Figure and Table I ). Subsequently, every gene on each time point was given a number representing Ͼ2-fold upregulation (1), no change (0), or Ͼ2-fold downregulation (Ϫ1) compared with the cohybridized common reference. Functional grouping of differentially expressed genes was performed with the use of the visualization tool GenMAPP (Gene MicroArray Pathway Profiler; http://www.genmapp.org). This is a generally accessible program for viewing and analyzing microarray data on microarray pathway profiles (MAPPs) representing biological pathways or any other functional grouping of genes. 21 All MAPPs generated from the Gene Ontology database (http://www. geneontology.org) as well as local MAPPS generated by the G-protein Coupled Receptor Database (http://www.gpcr.org), the KEGG database (http://www.genome.ad.jp/kegg), and MAPPs specifically designed for GenMAPP were used. Gene expression data were imported into the program and dynamically linked to the MAPPs with the tool MAPPFinder.
Validation
Quantitative Reverse Transcriptase PCR
The SMART PCR cDNA synthesis kit (BD Sciences) was used for the preparation of double-stranded cDNA from 1 g template RNA (used from a pool of nϭ3 aortic arches per group). cDNA was diluted to a total volume of 50 L. Primers and FAM-TAMRAlabeled probes for mouse MCP-1, MCP-5, macrophage inflammatory protein (MIP)-1␣, and MIP-1␤ were developed. Samples were amplified in duplicate with the use of the Taqman universal PCR master mix and the 7700 sequence detector (Applied Biosystems) with 300 nmol/L of primer and 200 nmol/L of probe. Data were analyzed with the use of Sequence Detection Software (Applied Biosystems). Relative expression of mRNA was calculated by the comparative CT method. To standardize for the amount of input RNA, the endogenous cyclophilin gene was included. 
ELISA
Samples of aortic arch were homogenized in tissue protein extract buffer (Pierce) with the use of a Medimachine (BD Biosciences) fitted with 50-m units. Protein extracts of 2 pools of nϭ3 aortic arches of ApoE Ϫ/Ϫ mice per group (3-, 4.5-, and 6-month NC or WD group) were filtered with 30-m filters and subjected to an ELISA for MCP-1 and MCP-5 (R&D Systems).
Immunohistochemistry
Immunohistochemistry was performed on frozen sections of aortic roots (MCP-1 and MCP-5) or paraffin-embedded aortic arch sections (MIP-1␣) with the use of standard procedures. In short, sections were fixed for 15 minutes in 4% paraformaldehyde and incubated with anti-MCP-1 antibody (goat polyclonal, 1:30, R&D Systems), anti-MCP-5 antibody (goat polyclonal, 1:50, R&D Systems), and anti-MIP-1␣ antibody (rabbit polyclonal, 1:100, RDI) or the respective control IgG (negative control). Subsequently, a suitable biotinylated secondary antibody was applied, followed by incubation with an ABC AP kit (DAKO). Immunostaining was visualized with an alkaline phosphatase-I kit (Vectastain).
Intervention Study
Generation of 11K2 Monoclonal Antibody
Murine hybridomas were generated from RBF mice immunized with human MCP-1 (Garvan Institute) to provide neutralizing monoclonal antibodies. One monoclonal antibody (11K2) was selected for its high affinity for human MCP-1 (14 pmol/L) and its convenient cross-reactivity to the murine homologues (MCP-1 and MCP-5), allowing studies in murine disease models. The 11K2 hybridoma cell line was suspension adapted and grown in reactors, and the antibody was purified by chromatography on protein A Sepharose and SP Sepharose.
ELISA
The wells of a 96-well plate (Maxisorb Nunc) were coated with synthetic murine MCP-1, MCP-3, or MCP-5 (Chemicon). Residual nonspecific binding sites were blocked with BSA. The binding of 11K2 was detected with the use of horseradish peroxidase-conjugated goat anti-murine IgG (Jackson Immunoresearch), and the colorimetric reaction was done with TMB.
Kinexa Assay
The Fab fragment of 11K2 was generated by papain digestion of the antibody and purified from the Fc fragment by chromatography on protein A Sepharose. The affinity of 11K2 for murine MCPs was measured with a Kinexa instrument (Sapidyne Instruments). 11K2 Fab at 20 pmol/L was incubated in PBS, 0.02% azide, 0.1% BSA, with various concentrations of murine MCP-1 (Chemicon Inc) or MCP-5 (Peprotech Inc). The mixtures were allowed to reach equilibrium for 3 hours at room temperature and applied to a column of huMCP-1-coated polymethylmethacrylate beads (98 m). Free Fab bound to the column and was detected with Cy-5-labeled goat anti-mouse F(abЈ)2. Under these conditions, the signal measured is proportional to the concentration of free Fab applied to the column. The data were fit to a quadratic curve fit as described in Hulme and Birdsall. 21a
Chemotaxis Assays
Chemotaxis toward murine MCP-1 (BioSource), MCP-3, or MCP-5 (Cell Sciences) was measured with the ChemoTx system (Neuro Probe, Inc). Murine monocytes, WEHI-274.1 (ATCC) or THP-1 cells, were separated from the chemokines and the antibody by a filter with 5-m pores. The effectiveness of 11K2 in inhibiting monocyte chemotaxis was determined after 4 hours. Migration was quantified with Cell Titer dye (Promega).
Mouse Experiments
Male ApoE Ϫ/Ϫ mice (Iffa Credo) were injected intraperitoneally with the 11K2 antibody (200 g/wk) or an isotype control antibody (IgG1, MOPC-21) twice a week for 12 weeks. Treatment started at the age of 5 weeks (early treatment: nϭ15 for 11K2, nϭ15 for control) or 17 weeks (delayed treatment: nϭ15 for 11K2, nϭ15 for control).
Tissue processing was performed as described above, and atherosclerotic lesions were analyzed as described previously. 18, 22 In short, atherosclerotic plaques were subdivided into initial lesions (pathological intimal thickening, intimal xanthoma) and advanced lesions (fibrous cap atheroma) according to the classification by Virmani et al. 23 Morphometric analysis, with the use of computerized morphometry (Leica Quantimet 570), included measuring plaque area (hematoxylin-eosin), collagen content (Sirius red), ␣-smooth muscle actin content (ASMA, mouse monoclonal 1:3000, Sigma), macrophage content (Mac-3, rat monoclonal 1:30, Pharmingen), and CD45 ϩ cell content (CD45, rat monoclonal 1:30, Pharmingen).
Evaluation of Possible Side Effects
To evaluate possible side effects of 11K2 treatment, fluorescenceactivated cell-sorting (FACS) analysis (FACSCalibur, BD Sciences) with T-lymphocyte-specific antibodies was performed on peripheral blood leukocytes, spleen, and lymph nodes of nϭ6 11K2-and nϭ6 control-treated mice of both treatment groups. Antibodies used for staining were CD3 FITC , CD4 Biot , CD8 PE53-6.7 , and CD25 PE (all from Pharmingen).
In addition, Ͼ20 organs were excised and evaluated macroscopically and microscopically on 4-m sections stained with hematoxylin-eosin.
Lipid Profile
For the assessment of lipid profiles, standard enzymatic techniques were used, automated on the Cobas Fara centrifugal analyzer (Hoffmann-La Roche). Total plasma cholesterol and HDL were measured with the use of kits 07-3663-5 and 543004 (Hoffmann-La Roche); total glycerol with kit 337-40A/337-10B (Sigma); and free glycerol with kit 0148270 (Hoffmann-La Roche). Precipath (standardized serum) was used as an internal standard. LDL was calculated as follows: total cholesterolϪ[(total glycerolϪfree glycerol)/2.2)ϪHDL)].
Statistical Analysis
All microarrays were analyzed and validated with the use of Gemtools. In the intervention study, data were compared with a nonparametric Mann-Whitney U test.
Results
Microarray Analysis
In total, 387 of 10 176 reporters were expressed Ͼ2-fold (compared with the cohybridized reference: ApoE Ϫ/Ϫ mice, 3-month NC group) in 1 or more of the experimental groups analyzed. The majority of the differentially expressed genes were upregulated in 1 or more experimental groups (258 genes upregulated, 127 downregulated, 2 upregulated and downregulated in different experimental groups). Of those genes, 289 were known, and 98 were expressed sequence tags (including RIKEN database).
Differential expression levels relative to the cohybridized reference ranged from 2 to 17.5 and from Ϫ2 to Ϫ11.1. Five genes showed a Ͼ10-fold increase, 15 genes Ͼ5to Ͻ10fold, and 240 genes Ͼ2to Ͻ5-fold. For the downregulated genes, these numbers were 3, 18, and 109.
Genes that showed the highest relative expression levels were serine protease inhibitor 2-2 (10.5-fold upregulation), CD68 (11.0-fold upregulation), cathepsin S (12.6-fold upregulation), lectin galactose binding soluble 3 (12.4-fold upregulation), and apoptosis inhibitory 6 (17.5-fold upregulation). Genes with the lowest relative expression levels were 3 expressed sequence tags (all Ϫ10.1-fold downregulation).
Time-Related Gene Expression Changes During Atherogenesis
For the detection of time-related expression clustering, we developed the algorithm described in Methods. In theory, 3 5 ϭ243 clusters could be formed; however, only 33 different clusters were observed. From these 33 clusters, the majority of genes were found in clusters containing genes upregulated in advanced atherosclerosis. Among those genes, many were linked to inflammation and proteolysis (see Data Supplement  Table I ).
Functional Grouping of Differentially Expressed Genes
Functional groups that contained most of the differentially expressed genes were those involved in inflammation (acute phase response, chemotaxis, cytokines) and protein/matrix degradation (protein degradation, proteolysis and peptidolysis, catabolism) (see Data Supplement Table II) .
Of special interest within these large gene maps were the subfamilies of small inducible cytokines and the cathepsins. Numerous members of both subfamilies were expressed throughout atherogenesis. Members of the small inducible cytokines included MCP-1, MCP-3, MCP-5, RANTES, fractalkine, MIP-1␣, MIP-1␤, MIP-2, IL-8-like, and small inducible cytokine 21a and 21b. The expression of the majority of the small inducible cytokines was slightly elevated in early atherosclerosis and increased to expression levels above the 2-fold threshold level in advanced atherosclerotic plaques ( Figure 1A) , except for small inducible cytokine 21a and 21b (CCL21a and b) and RANTES, which appeared to be downregulated in advanced atherosclerosis. Members of the cathepsin subfamily included cathepsin B, D, H, L, S, and Z. Relative expression levels of all members increased steadily during plaque progression ( Figure 1B) .
Further validation experiments were confined to the small inducible cytokine family.
Validation of Expression Profiles of Small Inducible Cytokines in Atherosclerosis
Real-time PCR for MCP-1, MCP-5, MIP-1␣, and MIP-1␤ on aortic arches of ApoE Ϫ/Ϫ mice of different age and diet confirmed the increased expression in atherosclerosis ( Figure  2A ). ELISA on aortic arch lysates showed that expression of MCP-1 and MCP-5 protein was highest in advanced atherosclerotic plaques ( Figure 2B ). Immunohistochemistry for MCP-1, MCP-5, and MIP-1␣ showed highest expression levels in macrophage foam cells of advanced atherosclerotic plaques ( Figure 2C to 2E).
Role of Small Inducible Cytokines in Atherosclerosis: Mouse Study 11k2: Specificity and Function
The binding specificity of 11K2 was measured by ELISA ( Figure 3A) . 11K2 demonstrated half-saturable binding at Ϸ1.5 ng/mL (10 nmol/L) for both MCP-1 and MCP-5. In contrast, no specific binding of 11K2 to murine MCP-2 and MCP-3 could be detected up to 10 g/mL ( Figure 3A) .
The Fab form of 11K2 was used to obtain a measure of the intrinsic affinity for murine MCP-1 and MCP-5. With the use of Kinexa assay, 11K2 Fab was found to bind to solution phase murine MCP-1 with an affinity of 0.3 nmol/L, whereas its affinity for murine MCP-5 was 1.4 nmol/L ( Figure 3B ). As observed by ELISA, no binding was observed for murine MCP-2.
The ability of 11K2 to block monocyte chemotaxis was analyzed with the use of cell migration assays. Different ratios of 11K2 and murine MCP-1 or murine MCP-5 were tested for the inhibition of murine monocyte migration across a filter barrier over a 4-hour test period. For both murine MCP-1 and MCP-5, a 50% reduction in migration was observed with Ϸ20-fold excess of monoclonal antibody ( Figure 3C ).
Role of MCP-1 and MCP-5 in Monocyte Recruitment
In an in vitro experiment using THP-1 cells, we showed that both MCP-1 and MCP-5 are strong mediators of monocyte recruitment ( Figure 3D ). These results indicate an important role for both MCP-1 and MCP-5 in monocyte recruitment in atherosclerotic plaques.
Mouse Study
In the early treatment group (treatment from age 5 to 17 weeks), survival rates were 100%. In the delayed treatment group (treatment from age 17 to 29 weeks), survival rates were 93.3% for the 11k2-treated group and 93.3% for the control-treated group. Macroscopic and microscopic analysis on hematoxylin-eosin-stained sections of Ͼ20 organs revealed no abnormalities. No differences in total cholesterol, triglycerides, HDL, and LDL were observed between 11K2and control-treated ApoE Ϫ/Ϫ mice (data not shown).
FACS analysis on peripheral blood leukocytes, spleen, and lymph nodes revealed no differences in the number of CD3 ϩ cells or in the activation status of T cells (CD4 ϩ /CD8 ϩ ratio, CD25 ϩ T cells) between 11K2-and control-treated ApoE Ϫ/Ϫ mice (data not shown).
Plaque Development and Phenotype
In the early treatment group (treatment age 5 to 17 weeks), 11K2 treatment decreased total atherosclerotic plaque area per aortic arch ( Figure 4A ).
After this treatment regimen, only initial lesions were present in the aortic arch of 11K2-and control-treated ApoE Ϫ/Ϫ mice. Although the number of initial lesions per aortic arch did not change after 11K2 treatment (2.1Ϯ0.2 lesions per aortic arch for 11K2 versus 2.2Ϯ0.4 for control), these initial lesions were remarkably smaller in 11K2-treated mice than in control-treated mice (8.803Ϯ1.314 m 2 for 11K2 versus 12.921Ϯ1.258 m 2 for control; PϽ0.05). This indicates that 11K2 treatment does not impair lesion initiation but does inhibit lesion growth.
In the delayed treatment group (treatment from age 17 to 29 weeks), we also observed a significant decrease in total plaque area per aortic arch after 11K2 treatment ( Figure 4A ). Although individual initial and advanced plaque area did not change after 11K2 treatment, the total number of advanced plaques per aortic arch significantly decreased (2.6Ϯ0.3 for 11K2 versus 4.0Ϯ0.2 for control; PϽ0.05), whereas the number of initial lesions increased (1.9Ϯ0.3 for 11K2 versus 1.1Ϯ0.2 for control). This indicates that the decrease in total plaque area is due to inhibition of disease progression: initial lesions partly fail to progress into advanced atherosclerotic plaques.
A third observation that stresses the effect of 11K2 treatment on lesion progression is that the increase in plaque Figure 4A ).
Analysis of plaque composition showed that early and advanced atherosclerotic plaques of ApoE Ϫ/Ϫ mice treated with the 11K2 antibody were particularly low in inflammation. Both initial and advanced atherosclerotic lesions of early and delayed treatment groups showed a profound reduction in macrophage and CD45 ϩ cell content ( Figure 4B , 4C, 5A to 5D). Moreover, plaques exhibited increased fibrosis after 11K2 treatment, as shown by their collagen content ( Figure  4D , 5D to 5E). ␣-Smooth muscle actin content had increased in initial plaques after 11K2 treatment (early treatment, 4.4Ϯ1.2% for 11K2 versus 0.7Ϯ0.3% for control; delayed treatment, 3.3Ϯ1.0% for 11K2 versus 0.2Ϯ0.1% for control).
These data show that 11K2 treatment not only inhibits atherosclerotic plaque progression but also induces a plaque phenotype that is low in inflammation and high in fibrosis, which are characteristics of a stable atherosclerotic plaque.
Discussion
In the present study we obtained a detailed gene expression profile of murine atherosclerosis. We showed that each stage of atherosclerosis is characterized by a unique but complex expression pattern of genes. Time-related expression clustering and functional grouping of genes shed some light on these complex patterns.
The uniqueness of gene expression profiles during atherosclerosis is reflected by the outcome of a similar experiment performed with wild-type mice. In that study we analyzed gene profiles of aortic arches of C57Bl6 mice of ages and diets similar to those of the present study. Remarkably, only 107 genes were differentially expressed, most of them selectively in C57Bl6, and only a few unannotated clusters could be identified (data not shown).
The 2 largest clusters/functional gene groups identified during atherogenesis were those of inflammation and proteolysis. Within these 2 groups, 2 gene families in particular were modulated during atherogenesis: the small inducible cytokines and the cathepsins. Broad-range inhibitors of both families may therefore be considered valuable targets for the treatment of atherosclerosis, especially because inhibition of individual genes showed promising results.
Small inducible cytokines or chemokines are members of a superfamily of small secreted proteins (8 to 16 kDa) that mediate migration and activation of inflammatory cells into the tissue. 24 Members of the CC chemokine subfamily (MCP-1, MCP-2, MCP-5, MIP-1␣, MIP-1␤, MIP-3␣, MIP-3␤, RANTES, eotaxin, TECK, CCL21aϩb) predominantly chemoattract monocytes and T lymphocytes but not neutrophils. Members of the CXC family (IL-8, SDF-1, MIP-2, CXCL16) particularly induce the migration of neutrophils and not monocytes. Fractalkine, the only CX3C chemokine described, not only functions as a chemoattractant but also acts as an adhesion molecule. The XCL chemokine lymphotactin induces T-cell trafficking. 24 Most of the chemokines reported are present in human atherosclerotic plaques. 25 Moreover, a subset of the chemokine family has been tested in atherosclerotic animal models and proved an important role for this family in the pathogenesis of atherosclerosis. Atherosclerotic mice that functionally lack MCP-1, 26,27 RANTES, 28 or the chemokine receptors CCR-2, 29,30 CXCR2, 31 and CX3CR1 32,33 reduced atherosclerosis. Moreover, inhibition of most of these chemokines reduced the inflammatory cell content in the lesion and induced an increase in extracellular matrix content, characteristics of a stable atherosclerotic plaque. An exception is the chemokine receptor CCR-5, which failed to affect atherosclerosis. 34 The recently discovered IFN-␥-regulated chemokine CXCL16 was also found to be expressed in atherosclerosis. 35 In the present study we found that even more members of the small inducible cytokine family were present in atherosclerotic lesions. Besides upregulation of MCP-1 and fractalkine, we also found upregulation of MCP-3, MCP-5, MIP-1␣, MIP-1␤, and IL-8-like. Interestingly, in contrast to an earlier report, 28 we found downregulation of RANTES and of CCL21a and CCL21b, especially in the more advanced stages of atherosclerosis. Our microarray results stress the importance of the entire gene family of small inducible cytokines in atherosclerosis.
In a subsequent in vivo experiment, we designed a unique inhibitor (11K2) for the small inducible cytokines MCP-1 and MCP-5. MCP-1 and MCP-5 both bind to the CCR-2 receptor. 36 Administration of 11K2 to ApoE Ϫ/Ϫ mice in a prevention and a regression setting revealed that inhibition of MCP-1 and MCP-5 resulted in reduction of atherosclerosis. Moreover, atherosclerotic plaques were low in inflammation and contained increased amounts of extracellular matrix. Inhibition of MCP-1 and MCP-5 induced a stable atherosclerotic plaque phenotype.
Although our antibody did not distinguish between the individual effects of MCP-1 and MCP-5, we showed that both MCP-1 and MCP-5 are potent monocyte chemoattractants in vitro, suggesting an important role for both MCP-1 and MCP-5 in monocyte recruitment in atherosclerotic plaques in vivo. Unfortunately, we could not perform comparative experiments in vivo because we would need a humanized anti-murine MCP-1 and/or MCP-5 monoclonal antibody for comparison with 11k2, neither of which exist at present. The only available monoclonal antibody specifically against MCP-1 is a hamster anti-rodent antibody (clone 2H5). 37 Hamster monoclonal antibodies are notoriously antigenic in mice and are therefore not suitable for long-term in vivo experiments.
Although our mouse data are very promising, caution should be exercised in regard to the use of 11K2 as treatment of human atherosclerosis. Atherosclerosis is a slowly progressive disease, and therefore long-term treatment is required. One of the problems with long-term application of antibodies is the development of "anti-drug" antibodies. Moreover, antibodies are large proteins, and the risk of nonspecific binding to other epitopes is present. MCP-1 and MCP-5 are also involved in combating infections; therefore, safety of long-term 11K2 treatment might be questionable. However, FACS analysis in our mice did not reveal any signs of immunosuppression after a 3-month treatment period. Recently, antibody therapy in small groups of patients with the use of antibodies against tumor necrosis factor-␣, CD40L, and interleukin-12 for Crohn's disease, rheumatoid arthritis, and systemic lupus erythematosus proved effective with only limited side effects. 38 -40 For the cluster subfamily of cathepsins, which are important cysteine proteases, we observed that cathepsin B, D, H, L, S, and Z were highly expressed during atherogenesis. Cathepsin S was one of the most highly expressed genes of our microarray in all stages of atherosclerosis. Cathepsin B, D, L, S, and K were previously reported to be expressed in atherosclerotic plaques. 41, 42 Mice deficient in cathepsin S and the LDL receptor showed a decrease in plaque area, plaque macrophage, smooth muscle cell, and T-lymphocyte content, 43 indicating an important role of cathepsin S in atherosclerotic plaque progression.
Besides the 2 most abundant functional clusters, functional gene groups like blood coagulation (eg, Gas6), cholesterol metabolism (eg, fatty acid binding protein), embryogenesis, and morphogenesis (homeobox genes, dickkopf homolog 3) were also significantly activated, reflecting the highly complex nature of atherosclerotic plaque development and progression.
Microarrays are becoming increasingly integral in unraveling pathways of complex diseases. Although they are powerful, caution must exercised in regard to the experimental design and interpretation of results. Before multiple microarray measurements can be integrated into a single analysis, measurements of individual arrays must be normalized. 44 In our study we used a pool of cDNA derived from ApoE Ϫ/Ϫ mice fed NC for 3 months that was used as a reference for all microarrays. In each microarray experiment, there is a significant amount of "biological noise" that can distort the interpretation of the expression data. 44 To avoid misinterpretation, microarrays were performed in duplicate, and the expression of a subset of genes was validated with real-time PCR, ELISA, and immunohistochemistry.
Despite our careful analysis and validation experiments, the use of entire aortic arches in the analysis implies that both intima and media may contribute to the observed differences in gene expression. However, validation experiments for our candidate genes did not show expression in the media.
Moreover, in our present setup, differential gene expression of individual cell types in the plaque (smooth muscle cells, macrophages, endothelial cells, T lymphocytes) could only be distinguished after validation. A method successfully used to identify gene expression profiles of individual plaque cell types, macrophages in this case, is microdissection of individual cells by laser capture microscopy. 10, 45 In the present study we show that the use of DNA microarray analysis yielded a detailed database that will improve insight into the pathogenesis of atherosclerosis and will be helpful to identify new diagnostic markers and therapeutic targets to monitor and intervene in atherosclerotic plaque progression.
